Abstract: Although advances in astronomical observation techniques and fiber optic technology have enabled two-dimensional (2D) multifiber spectrum images, astronomers often need one-dimensional (1D) spectroscopy to study physical and chemical properties of astronomical objects. Because of faint optical flux and light pollution, determining point spread functions (PSF) for large-scale multifiber spectroscopic telescopes is difficult. We propose a new optimal extraction method that uses blind deconvolution to extract 1D astronomical spectroscopy from 2D multifiber spectrum images without knowing the exact PSF. A comparison of the performance of our blind deconvolution extraction method and those of other extraction methods showed consistent results, indicating that the blind deconvolution extraction methodology is useful in analyzing 2D multifiber spectrum images and reducing fiber-to-fiber crosstalk without degrading the spectrum's resolution.
Introduction
With the development of astronomical observation techniques and fiber optic technology, a variety of large-scale fiber-based spectroscopic telescopes with a large field of view, deep depth and high efficiency are used worldwide. These telescopes include the Las Campanas Red shift Survey (LCRS) [1] , Sloan Digital Sky Survey (SDSS) [2] , and GuoShouJing Telescope (GSJT) in Xinglong, Hebei Province, China [3, 4] . The GSJT was formerly known as the Large Area Multi-Object Spectroscopic Telescope (LAMOST), which consists of "1-meterwide hexagonal sections of its two mirrors and the 4000 optical fibers on its focal surface that will feed starlight into a battalion of spectrographs" [3] . The LAMOST makes it possible to collect spectral deluge of tens of millions of galaxies and stars, and thus to offer new insights into galaxy formation, including our own Milky Way [3] . Specifically, the LAMOST exceeds all other sky survey telescopes combined, and it has 4000 optical fibers that simultaneously sample 4000 astronomical objects and present 4000 respective two-dimensional (2D) fiber spectroscopies on a set of charge-coupled devices(CCDs) [3] . However, astronomers need one-dimensional (1D) wavelength-dependent spectroscopy to study a variety of physical and chemical properties of astronomical objects [5, 6] . Extracting 1D astronomical spectra from 2D 4000-fiber spectrum spectrographs is one of the most important and challenging steps in LAMOST data analysis, since accurate extraction affects directly the quality of the sky survey observations and subsequent interpretations.
Four extraction methods for 2D multifiber spectrum images have been studied; they are the aperture extraction method [7, 8] , optimal aperture extraction method [9, 10] , profile fitting method [11, 12] , and deconvolution method [13] . The current, widely adopted extraction algorithms are the first three methods, but they are inaccurate with reduced resolutions for faint objects. However, the deconvolution method does not suffer from this drawback. It can characterize the resolution accurately to upper limits of native instruments. In a previous work on the point spread function (PSF), we developed a deconvolution algorithm that is based on the principles of optical imaging to extract the spectra from a multifiber spectroscopic image with graphics processing unit acceleration [14] . We found that the method is feasible for solving computational problems that involve a large amount of data [14] .
In theory, we could utilize a direct deconvolution operation/method to extract 1D spectroscopy signals from 2D multifiber spectrum images if given a known PSF [15] . For a laboratory-based spectroscopic/imaging device, a point source can be used along with the imaging device to experimentally measure the corresponding PSF, which should be estimated in advance and incorporated into the deconvolution formula. Currently, a common method used to estimate a PSF is by quantifying or calibrating an arc lamp spectrum image. In practice, however, PSF is very difficult to obtain for the LAMOST system. The first reason is that there are several types of analytical expressions for PSFs, such as the "disc,""Gaussian," and exponential families, whose parameters are often unspecified for an arc lamp spectrum. The second reason is that each light source at the slit of the spectroscope of the LAMOST system is not a point source. Each fiber has a diameter of 320 μm. If we treat each fiber as a point source, this approximation will cause large computing errors. Meanwhile, the LAMOST system was built a decade ago with 4000 fibers on the focal plane; the direction of each fiber needs to be adjusted every time to locate a sky object during the LAMOST survey. Therefore, the PSF of a fiber may vary from time to time and cannot be estimated for every observation night. To solve these problems, in this paper, we propose a novel method for building a spectrum extraction model using the blind deconvolution principle to extract 1D spectroscopic information from 2D fiber-based images.
To date, the blind deconvolution principle has been used in a variety of research studies [16] [17] [18] , but it has not been used in spectroscopic extraction. In this paper, we present an algorithmic framework based on the blind deconvolution principle for the extraction of optical fiber spectroscopy. This algorithm performs a simultaneous estimation progress for both the object and PSF of the spectroscopic/image device. Consequently, we can obtain an optimal estimation of the PSF and the extracted spectrum simultaneously.
The remainder of this paper is organized as follows. Section 2 describes the imaging model, the blind deconvolution algorithm, and the proposed spectrum extraction framework. Section 3 reports the implementation and analysis of results, followed by a discussion in Section 4 and conclusions in Section 5.
Spectrum extraction methods

Imaging Model
In principle, a spectroscopic measurement of an astronomical object collects light passing through a set of optical instruments, such as a collimator mirror, dichroic beam splitter, and diffraction grating. These optical instruments will disperse the detected light into spectral components such that it is recorded by a CCD. It is unavoidable that all of the optical devices give rise to broadening and distortion effects on the measured spectroscopic signals of the objects. Such an effect on a point light source is called the PSF [14] .
Let us first consider a general imaging model. Monochromatic light at a wavelength λ imaged on an observation plane can be represented generally by the following integral equation [13] :
where ( ) For a CCD image, the corresponding discrete form can be written as [19] ( ) ( ) ( )
Following [14] , Eq. (2) can be expressed in matrix form as
where G represents the CCD-recorded image, H is a kernel of the PSF, ⊗ denotes the convolution operator, and F is a matrix in which the rows are related to the wave lengths and columns are composed of multifiber spectrum lines. For the LAMOST, F contains 250 spectrum lines with a wavelength range from 570 to 900 nm (red channel). At each wavelength position, point source will spread over 15 pixels on the detector. Because each fiber spot has a diameter of 320μm, in our imaging model we assume that each fiber spot includes at least 15 pixels. This mean that a spatial size of about 21.3 μm is covered by each pixel (i.e., 320 μm/15 pixel), which is similar to the double physical size of the pixel. The original optical source should be point source. However, in the imaging process, the point source is spread by the PSF and changed into a spot. Therefore, we can assume that the original image is sharper than the CCD image, and, according to the above imaging model, spectrum extraction of 2D multifiber spectrographs can be considered an image restoration problem.
Blind deconvolution algorithm
Blind image deconvolution, an ill-posed problem that requires a regularization to solve, is often adopted to resolve image restoration problems. A large number of blind deconvolution algorithms have been proposed in the literature. In this work, we adopted Krishnan's method [20] because it is fast and robust when working with small kernel errors, and also robust in the choice of parameters.
In this algorithm, Krishnan first conducted blind kernel estimation for the high frequencies of an image y, a concatenation of the gradient images, x ∇ g and y ∇ g . The cost function is
Here, x is the unknown sharp image in the high-frequency space, k is the unknown blurring (PSF) kernel, || || is the alpha norm, i.e., the log-prior function with the parameter alpha, and ⊗ denotes the convolution operator. In Eq. (4), the first term is the likelihood that accounts for the model. The subscripts 1 and 2 in Eq. (4) denote l 1 and l 2 norm regularizers, respectively, i.e., the respective values of the alpha parameter are 1and 2.The l 1 norm is widely used to impose signal sparsity, but it is scale variant so the norm can be minimized by simply reducing the signal. In a blind deconvolution setting where the kernel is only loosely constrained, minimizing the l 1 norm for the high frequencies of the image will result in a blurry image. Therefore, the l 1 /l 2 function is used as a normalized version of the l 1 norm, making it scale invariant. The third term is a regularization of k for the reduction of noise in the kernel. The scalar weights μ and ψ control the relative strengths of the kernel and image regularization terms.
The standard approach to optimizing such a problem is to start with an initialization of x and k, and then alternate between x and k updates. The alternating update progress of x and k can be found in [20] . Once the kernel k has been estimated, a nonblind deconvolution method is adopted to obtain f from g. This deconvolution algorithm uses a continuation method to solve the following cost function: 2 f 2 min μ ,
where α stands for the α norm. With these algorithms, from the observed CCD image g, we can obtain the deconvolved image f.
Proposed spectrum extraction framework
However, the blind deconvolution algorithm cannot be used directly to extract the spectrum. The details of spectrum imaging and extraction progress need to be considered. The nature of spectrum extraction is to obtain the 1D spectrum from a 2D image. The result of blind deconvolution is narrow and sharp, similar to the spectrum extraction progress. However, it is still an image of 2D fiber spots. For a multifiber spectrum imaging system, each fiber cannot be approximated as a point source because it has a certain size (320μm) and covers about 15 pixels. Therefore, an integral matrix T is used in our method to perform the integral in the slit height direction to obtain the spectra of 250 fibers. Furthermore, to obtain the "undistorted" spectra, we need to not only conduct sky subtraction and noise reduction, but also run a deconvolution computation for Eq. (3). To do so, several significant challenges exist: (1) the 2D PSF for the multifiber spectral measurements must be known, (2) the measured optical data have no or minimal noise, (3) the spectroscope has no aberration. However, because of optical noise effects, imperfection of spectroscopic systems, and unknown spectral energy distributions of the imaged objects, it is a complex process to determine the PSF either analytically or experimentally. Moreover, for real-world application of 2D multifiber spectrum imaging, the computational complexity should also be considered. This consideration is especially true when working with data from high-tech surveys such as the LAMOST, which has recorded a total of 4096 × 4096 pixels on a CCD.
From a computational point of view, in a common spectroscopy system the PSF is spatially varied because of system aberration, and hence the matrix that represents the convolution kernel H is not a Toeplitz matrix. This circumstance makes computational complexity very high. If the matrix is m × n and non-Toeplitz, it will require an enormous amount of computational memory to store, leading to a very high spatial complexity. Furthermore, the time complexity will depend on the algorithm. If we use the least squares method to compute the generalized inversion, the time complexity is approximately of the order of O(n3), which cannot be implemented on an ordinary workstation. If we use the least squares QR factorization algorithm to perform the deconvolution operation as we did before [14] , the matrix must be sparse, and the time complexity is of the order of O(m + n). If the matrix is not sparse, we must consider some other methods to address the high-complexity situation in order to solve the real-world spectrum extraction problem.
Thus, to reduce computational complexity for practical implementation, in this paper we propose to use an aberration matrix for 1D astronomical spectral extraction from a 2D multifiber spectrograph. The aberration matrix a H is instrument-dependent. Precise computation of a H would require the use of nodal aberration theory [21] , but we can empirically obtain it with an ad hoc method. For example, spectrum contour peak trace is a simple method that can be applied for aberration correction.
In our proposed methodology, we mainly focus on the spectrum extraction method, not the sky subtraction or noise reduction problems. Our blind deconvolution approach is an alternating variable optimization method that was developed to estimate both the 2Dmultifiber spectrograph and PSF. The procedure of the proposed spectrum extraction framework is as follows.
Step 1. For a given multifiber CCD image g , compute gradient images x ∇ g and y ∇ g to construct the image y.
Step 2. Use y to estimate the PSF kernel k using Eq. (4).
Step 3. With the estimated kernel k, obtain a deconvolved image f using Eq. (5).
Step 4. With the precomputed aberration matrix a H , let a = f H f a and compute
to obtain the aberration-corrected image f a .
Step 5. With a predefined matrix T, which is constructed using a fiber spot kernel t, compute the convolution = f Tf b a by performing an integral in the slit height direction. Step 6. Finally, obtain the multifiber spectrum matrix f b , in which each column represents one spectrum line.
Implementation and analysis of results
Implementation
In our experiments, the 2D fiber spectrograph of the LAMOST project [22, 23] was used to verify our proposed method. The full size of a CCD image from the LAMOST was 4096 × 4096 pixels, and each CCD image contained 250 fiber spectra. Initial value setting of the kernel k has no accepted initial method up to now. The method generally used is to choose the value by prior knowledge. In our experiments, the size of the initial kernel k is 3 × 3. We also analyzed the impact of scale on the other parameters in spectrum extraction, which will be discussed in Section 3.2.
We perform an integral with a predefined matrix T, which is constructed using a fiber spot kernel t, in the slit height direction according to Eq. (1). Then, we were able to obtain the convolution kernel for this fiber spot, which was designed with a size of 15 × 15. The kernel t takes the form . a a a a
In this kernel t, each column corresponds to the spatial information at a given wavelength, and each row provides the spectral information at a corresponding astronomical location given by the respective fiber. All of the elements are zero except for the elements in the first column. The elements in the first column are 0,1,…,1,0.
We only perform a simple optical fiber tracing to straighten the curved spectrum lines, not to address the distortion. When the observed celestial objects have high magnitudes, the observed targets appear as dark celestial bodies, and the obtained 2D fiber spectrum data have a very low signal-to-noise ratio (SNR). For this type of spectrum data, the spectrum profiles are polluted so heavily that the centers of the profiles deviate from the ideal locations, and the shapes of the contours are no longer smooth and regular, meaning that the profile fitting method cannot be performed directly in the spectrum extraction process [24] .
Analysis of results
This section presents the results of spectra extracted using the proposed blind deconvolution method. First, we applied the proposed blind deconvolution method to extract real 2D arcs and object spectra from the data obtained by the LAMOST. We then compared these results with the spectra that were extracted using the aperture and non-blind deconvolution methods reported in our previous work [14] . Note that we have not performed sky subtraction [25] in this study because it can be performed after we validate this proposed method. To avoid diffusing the effects of different flux base values for different extraction methods, the flux magnitude of the extraction methods has been changed to the same scale. Figure 1 shows the estimated PSF in a 3D view after implementing and utilizing the proposed blind deconvolution algorithm. The regularization parameters need to be selected properly. Figure 2(a) is the image constructed by one simulated arc spectrum image with added noise. Figure 2(b) is the result obtained by utilizing the proposed blind deconvolution method to extract from Fig. 2(a) and reconstructing with the same estimated 2D PSF of blind deconvolution above is shown in Fig. 2(c) . The residual image obtained by subtracting Fig.  2(b) from Fig. 2(a) , and is shown in Fig. 2(d) . The Fig. 3 is the 3Dview of the Fig. 2 . Using the blind deconvolution method, crosstalk [13] between fibers can be improved significantly (see Figs. 2 and 3) . Figs. 5 and 6 , which show the practical LAMOST object spectra extracted using the aperture, deconvolution, and proposed blind deconvolution methods. Fig. 4 . Comparison of spectrum waveforms extracted using the aperture and proposed blind deconvolution methods. Fig. 5 . Object spectra extracted using the aperture, deconvolution, and blind deconvolution methods. Fig. 6 . Zoomed detailed object spectra extracted using the aperture, deconvolution, and blind deconvolution methods.
One advantage of using the blind deconvolution method is that it can resolve crosstalk problems that were not solved in the aperture method. From Figs. 2 and 3 , we can see that crosstalk between the fibers can be improved significantly and that only a very small residual error remained because of the noise effect.
Another advantage is that the blind deconvolution method does not degrade the resolution compared with the other methods. From Fig. 4 , we can see that the spectra waveforms extracted using the proposed method are narrower than those extracted using the aperture method. Therefore, we can draw the conclusion that spectra extracted using the proposed blind deconvolution method can characterize resolution accurately up to the upper limit of the native instrument by adjusting the appropriate regularization parameters. If the regularization parameters become small enough, then noise can be suppressed. If they become too large, then we know that too much noise was recovered. Therefore, by selecting appropriate regularization parameters, we can make a tradeoff between spectrum resolution and noise suppression.
Not only does the blind deconvolution method have the aforementioned advantages, but the extraction results also prove to be better than those extracted using the aperture method. From Figs. 5 and 6, we can see that resolution of the spectrum extracted using the proposed method is almost the same as that of the spectra extracted using the aperture and deconvolution methods [14] , meaning that the proposed method can obtain satisfactory results as well.
To demonstrate the accuracy and effectiveness of the proposed method, we adopted a SNR for evaluating the results of different extraction methods. The SNR of the extracted spectrum is calculated from the ratio of the spectra extracted from the realistic simulated spectral detector data minus instrument noise of the detector and instrument noise of the detector.
We have simulated an image with 250 input real spectra, which come from the LAMOST system and which are the effective spectra identified by the astronomer. The simulated process is as follows.
a. Trace the peak of spectra; b. Use the results of tracing find the value of pixels nearby the spectra from the original image (above 7 pixels and below 7 pixels);
c. Use these values and 250 spectra to build one simulated real spectrum data. We generate realistic simulated spectral detector data with known realistic input object spectra obtained from LAMOST, and kernels and noise of the instruments. Different source spectra are simulated to compare the SNR. The comparison results of the SNR are shown in Table 1 . f stands for an object spectrum with a 10dB white noise convoluted with a PSF, whose full wave at half maximum is 2 pixels, and 3 o f stands for an object spectrum with a 10dB white noise convoluted with a PSF, whose full wave at half maximum is 4 pixels. Even for the input spectra with noise, the results show that the proposed method is better than that in our previous work [14] . In [14] , we have done a comparison study among aperture extraction, profile fitting method and deconvolution method, and obtain the results that deconvolution method is better than other two methods. Now we focus on the work to compare the proposed method with the state of the art extraction method (deconvolution method) only in this paper. From Table 1 , we also find that even though the spectra f , we can still obtain better results. This can confirm that performance of the proposed method does not depend on the presence of sharp, narrow emission features in the input spectrum.
Discussion
As mentioned above, researchers must determine the PSF before using the deconvolution method to extract the spectra. In a laboratory, one can shine an arc lamp to estimate the PSF by measuring the image spread. This procedure is similar to the profile fitting method [11, 12, 26] , and an analytical form for the PSF must be provided in the first place. However, there is no theory to guide the selection of a suitable PSF form from several types of profiles, such as the "disc,""Gaussian," and exponential families. In most cases, the PSF is selected empirically to fit the shined light spot in the spectrum image. Because of the existence of instrumental aberration, the shape of the shined light in the spectrum image varies at different positions, and it becomes difficult to determine which spot is selected for the estimation.
In the LAMOST system, there are 4000 fibers on the focal plane, and these fibers are controlled to move to the positions where the observed astronomical objects are imaged well. Figure 7(a) shows the focal plane of the LAMOST, and Fig. 7(b) is the enlarged focal plane, which shows the fiber movement control module. At astronomical observation night, the position of each fiber will be adjusted to locate an astronomical object. This movement of the fiber position will lead to a possible change of the PSF. Furthermore, in the real LAMOST environment, limited observation time restricts us from calibrating the PSF with the arc lamp line during each astronomical observation night. In the faint light environment, it is even more difficult to estimate the PSF accurately [26] . In contrast to the previous PSF estimate method, the largest advantage of blind deconvolution is that it does not require prior knowledge of the PSF, nor does it need to be given an analytical form of the PSF. From Fig. 1 , we can see that the estimated PSF in the blind deconvolution framework looks like a bell function. The long axis is approximately 8 pixels in length, and the short axis is approximately 4 pixels in width.
It is worthwhile to address that in practice, PSF estimation using the arc-lamp line method is not practical to integrate into the LAMOST data processing pipeline because it requires interactively selecting the PSF form and estimating the model parameters. With the blind deconvolution method, it becomes possible to integrate the data processing pipeline into the LAMOST because it automatically calculates the PSF and extracts the spectra, and hence no human interactive input is required when running the program.
In our previous work [14] , the situation of a spatially varied PSF was not considered. In this paper, aberration correction is used to resolve the problem of spatial complexity, which can be reduced by the proposed method. The runtime of the deconvolution extraction method [14] for a full CCD image was approximately 2 to 3 minutes when running on a computer that was equipped with an Intel Xeon X5680 3.33 GHz processor and 12 GB RAM. However, the time duration of the PSF estimation before the spectrum extraction is at least a half hour, which includes establishing the arc lamp environment, obtaining the CCD image, and estimating the PSF. Therefore, the method of [14] cannot be used in the practical LAMOST environment. The method proposed in this paper only requires approximately 8 minutes for the PSF estimation and spectrum extraction, and hence can be used in the practical LAMOST environment.
Conclusions
We presented a new algorithm for the extraction of 1D spectra from 2D multifiber spectrographs based on blind deconvolution. This framework can extract 1D astronomical spectra and estimate the telescopic imaging system's PSF simultaneously from 2D multifiber spectroscope images. Experimental results demonstrated that the proposed algorithm is more efficient and cost effective than a previous algorithm [14] . As a more precise spectrum extraction method, the proposed algorithm has practical applications in 2D multifiber spectrum imaging telescope system.
Appendix A
Here shows the core algorithm of the Krishnan's method [20] .
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We assume the formation model of a sharp image u blurred by a matrix K along with the addition of Gaussian i.i.d noise N:
We observe the resulting blurry image g and our goal is to recover the unknown sharp image u and the blurring matrix K . Algorithm in the bellow outlines the approach.
